Abstract The toxicity of levofloxacin to yellow lupin plants was evaluated in this study. Recommended indexes of plant (roots and shoots) growth were determined and new indexes were proposed which better characterise the phytotoxicity of levofloxacin. These were, in particular, the activity of antioxidative enzymes, the content of free radicals, as well as the root protein content and the root protein profile. The results showed that levofloxacin considerably affected EC 50 , measured as the activity of catalase in roots, and leaves (1.05 and 0.069 mM, respectively). The activity of peroxidase in the roots and the dry weight of seedlings were the least sensitive parameters (EC 50 was 1.8 and 1.76 mM, respectively). Units of toxicity clearly showed that the activity of catalase is a better measure of toxicity for low concentrations of the drug, and it is a better index of plant physiological state than the morphological parameters of seedlings. Moreover, levofloxacin changed the location of free radicals and the protein profile in plants. The changes in location of reactive oxygen species in roots were an important symptom of the drug toxicity to lupin seedlings. Our results have shown that the toxicity of levofloxacin was manifested mainly by changes in the protein profile. The content of the glyceraldehyde-3-phosphate dehydrogenase, 14-3-3-like protein A, expansin-B3-like precursor, fructose-bisphosphate aldolase, lipoxygenase, nucleotide-binding subunit of vacuolar ATPase and pyruvate dehydrogenase were found to decrease. On the other hand, plant exposure to levofloxacin resulted in an increase in the content of enolase, protein LlR18A, class III chitinase, ascorbate peroxidase, aspartate aminotransferase, alcohol dehydrogenase 1, leghemoglobin reductase-like 17 and heat shock cognate protein 80-like.
Introduction
Excessive use of antibiotics in general and in veterinary medicine has resulted in the contamination of the natural environment with these substances (EEA 2010) . Of all the veterinary antibiotics (VAs), only 20% are used to treat infections; the other 80% are used to prevent diseases or to promote animal growth (US FDA 2015) . The dosage of VAs varies (from 3 to 220 g kg −1
) depending on animal size and the type of antibiotic used (Health Canada 2002) . After being administered, VAs are largely (from 10 to 90%) eliminated from the body to the environment either in an unchanged form or as active metabolites (Elmund et al. 1971; Halling-Sørensen et al. 2001) . Antibiotics have been found in animal faeces and in soil in concentrations Responsible editor: Yi-ping Chen ranging from 0.01 to 1420 mg kg −1 (Pan and Chu 2016) . In aquaculture, pharmaceuticals are added to water in fish ponds, and their concentrations in water and lake deposits are high (Li et al. 2012 ). An increase in the concentration of VAs and their metabolites in the environment can have a negative impact on land organisms (Pan and Chu 2016) . The most common antibiotics used in veterinary medicine include tetracyclines, fluoroquinolones, macrolides and sulphonamides (EMA 2015) . Fluoroquinolones (FQs) are a new, synthetic group of antibiotics with strong antibacterial action and a broad spectrum of anti-pathogenic activity. FQs are used for the treatment of infections of the urinary tract, the gastrointestinal system, the respiratory tract and the skin in medicine (EMA 2017) and in intensive breeding of cattle, poultry, pigs, fish, as well as dogs and cats (EMEA 2007) . Fluoroquinolones are highly stable, due to which they are not wholly metabolised in the body. Their residues can be eliminated, and they can find their way to wastewater treatment plants or to the environment (Watkinson et al. 2007 ). The toxicity of FQs towards microorganisms limits the processes of antibiotic biodegradation in water and in soil (Robinson et al. 2005) . They have been found in crude wastewater (2573 ng L ) (Jia et al. 2012) . Manure used as fertiliser (faeces of chickens, pigs and cows) is the main source of contamination of soil with antibiotics . Di-and trivalent cations (Ca 2+ , Mg 2+ and Al
3+
) form stable complexes with fluoroquinolones. The chelates are strongly adsorbed in soil, and they cannot be leached out of it (Turel et al. 1996; Djurdjević et al. 2007 ). The concentration of FQs in the soil fertilised with manure ranges from 0.01 to 0.4 mg kg −1 of soil, and it remains at this level for several months (Karcı and Balcıoğlu 2009) . Boxall et al. (2006) proved the stability of enrofloxacin in soil; its halflife was longer than 152 days. Furthermore, Golet et al. (2002) applied ciprofloxacin and norloxacin to soil at a concentration ranging from 0.29 to 0.40 mg kg −1
; after nearly 2 years in the soil, there was still 93 and 75% of the drugs, respectively.
Fluoroquinolones are divided into four groups (generations) in which antibiotics differ by the structure and the spectrum of action (Soni 2012) . Third-generation FQs include the L-isomer of ofloxacin-levofloxacin (LEV). LEV is characterised by good infiltration of target tissues and is used to control intracellular pathogens. The drug is eliminated from the body through the kidneys, usually as the active antibiotic. LEV is metabolised to a small extent and its inactive metabolites, i.e. demethyllevofloxacin and levofloxacin N-oxide, account only for < 5% of the dose applied (Levaquin® 2008). After being eliminated, the antibiotic is introduced to soil, surface and ground waters and to lake deposits (Tonga et al. 2009 ). Boxall et al. (2006) proved that antibiotics are absorbed from soil by roots of carrot and lettuce. The consequences of the presence of fluoroquinolones in the environment have not been fully revealed, but they are known to be toxic to plants (Frade et al. 2014 ).
Since levofloxacin effectively enters inside the cell and is used to control intracellular pathogens, changes caused by its toxic action will become apparent at the cellular level earlier than anywhere else. When evaluating the environmental risk caused by xenobiotics, the majority of studies have focused on toxic chemicals. However, biochemical changes in plants can be detected earlier than injuries, or the considerable decrease in plant growth and viability. Therefore, antibiotic toxicity to lupin was evaluated in this study with the use of standard endpoints recommended in guidelines, which include biomass parameters. Lupin is a common fodder crop (Lefroy and Rydberg 2003) , and biochemical contaminants accumulated in it can be transferred to the food chains comprising farm animals. Moreover, it was recently proposed as a component of functional foods and a health-promoting plant (Pilvi et al. 2006) . Considering this, it is important to understand the reactions of this plant to environmental pollutants. Furthermore, new endpoints were calculated in this study which had not been examined before, namely, oxidative stress enzymes (guaiacol peroxidase, catalase), distribution of reactive oxygen species (ROS) in cytoplasm and protein contents and profiles.
Material and methods

Germination and growth of seedlings
Seeds of yellow lupin (Lupinus luteus L.), Dukat cultivar, were used in the study. The seeds germinated for 7, 9 and 12 days on PHYTOTOXKIT test plates (MicroBioTests Inc., Mariakerke (Gent), Belgium). Before germination, the seeds were surfacesterilised by immersing them in 1% sodium hypochlorite for 2 min; the seeds were then washed in distilled water for 3-4 min. Next, 90 mL of soil was added to the plates and they were then watered with 27 mL of water (control) or 27 mL of levofloxacin solutions at different concentrations (SigmaAldrich): 0.01, 0.05, 0.1, 0.5, 1, 1.5, 2 and 2.5 mM (i.e. 0.7, 3.5, 7, 35, 70, 105, 140 , 175 mg kg −1 of soil). The soil was covered with Whatman no. 1 filter paper on which seeds were placed. The biotest was carried out for 7, 9 and 12 days at room temperature. Roots and shoots of the seedlings were measured with the ImageJ tool software. Fresh and dry weights were determined.
Activity of guaiacol peroxidase
Plant extracts were prepared on ice. Roots, shoots and leaves (500 mg) of the seedlings which had grown for 7, 9 and 12 days in soil with an addition of water or levofloxacin were homogenised for 30 min in a buffer solution (0.1 M Tris-HCl, Sigma-Aldrich; 8.75% polivinylpyrrolidone, Sigma-Aldrich; 0.1 M KCl, 0.28% Triton X-100, Sigma-Aldrich). The samples were centrifuged for 30 min at 4000×g at 4°C. The supernatant was purified with membrane syringe filters with a pore diameter of 0.45 μm. Protein in the samples was assayed by the Lowry method (Lowry et al. 1951) . The activity of peroxidase was determined spectrophotometrically (CECLI, CE2021 2000 Series) in the reaction mixture containing 100 μL of 1% guaiacol (Sigma-Aldrich), 2 mL 0.1 M KH 2 PO 4 (Chempur), 50 μL of the supernatant and 20 μL 0.06% H 2 O 2 (Chempur). The absorbance growth rate was measured at room temperature at the wavelength of 470 nm. One unit corresponds to oxidation of 1 μM H 2 O 2 for 1 min.
Activity of catalase
Plant extracts were prepared on ice. Roots, shoots and leaves (500 mg) of the seedlings which had grown for 7, 9 and 12 days in soil with an addition of water or levofloxacin were homogenised in phosphate buffer solution pH 7, which contained 10 g L −1 polivinylpyrrolidone (PVP, Sigma-Aldrich), 0.2 mM EDTA (Sigma-Aldrich) and 10 mL L −1 Triton X-100 (SigmaAldrich). The samples were centrifuged for 20 min at 12000×g at 4°C. The supernatant was then carefully separated from the sediment. Protein in the samples was assayed by Lowry's method (Lowry et al. 1951) . The activity of catalase was determined spectrophotometrically (CECLI, CE2021 2000 Series) with a reaction mixture containing 50 mM phosphate buffer, pH 7 and 15 mM H 2 O 2 . The absorbance was measured for 10 min at room temperature at the wavelength of 240 nm. One unit corresponds to oxidation of 1 μM H 2 O 2 for 1 min.
Reactive oxygen species
Seeds of yellow lupin were germinated in soil watered with deionised water. After 7 days, the seedlings were transferred to new, sterile PHYTOTOXKIT test plates filled with control soil and with a 2.5 mM solution of levofloxacin. After 24 and 48 h, roots of the seedlings were incubated in the dark for 30 min in 0.1 M PBS at pH 7.4 (phosphate-buffered saline), with 10 μM 2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCF-DA). Subsequently, they were washed several times w i t h a 0 . 1 M P B S s o l u t i o n a t p H 7 . 
Isolation of protein and 2D electrophoresis-PAGE
Plant extracts were prepared on ice. The roots of yellow lupin seedlings (300 mg) grown for 12 days in soil with an addition of water and 2.5 mM of solution of levofloxacin were homogenised in a buffer which contained 7.4 M of urea, 2.1 M of thiourea, 62 mM of CHAPS (Sigma-Aldrich), 8 mM of DTT (SigmaAldrich), 0.24% of Triton X-100 (Sigma-Aldrich), 16.5 mM of Trizma base (Sigma-Aldrich), 21 mM of Trizma hydrochloride (Sigma-Aldrich), 1% of ampholytes pH 3-10 (Bio-Rad) and a cocktail of proteases (Sigma-Aldrich) (Badowiec et al. 2013 ). The samples were shaken for 45 min and subsequently centrifuged for 10 min at 18000×g at 4°C. The supernatant was frozen at −80°C and then lyophilised. The lyophilisate was purified with ReadyPrep™ 2-D Cleanup Kit (Bio-Rad). The isolated proteins were dissolved in a buffer for rehydration which contained 7 M of urea, 2 M of thiourea, 2% of CHAPS, 0.5% of ampholytes pH 3-10, 80 mM DTT and 0.002% of bromophenol blue. Two-way electrophoresis was carried out in two stages. First, rehydration and isoelectric focusing was carried out with a PROTEAN IEF Cell (Bio-Rad). A protein solution (70 μg of protein) was added to a well in the focusing plate, IPG strips (ReadyStrip™ 7 cm, pH 3-10; Bio-Rad) were placed and a 12-h active rehydration was carried out. After rehydration was completed, isoelectric focusing was carried out (conditions: preparatory stage S1-250 V / 15 min; voltage increase stage S2-4000 V / 2 h 30 min; isoelectric focusing S3-rapidly increasing voltage up to 20,000 V). After isoelectric focusing was completed, IPG strips were equalised in buffer I (6 M urea, 2% SDS, 0.375 M Tris-HCl with pH 8.8, 20% glycerol, 130 mM DTT; Bio-Rad) and buffer II (6 M urea, 2% SDS, 0,375 M Tris-HCl with pH 8.8, 20% glycerol, 135 mM iodoacetamide; Bio-Rad) for 10 min. The second stage involved separation of proteins in 10% polyacrylamide gels (7.0 cm × 10.0 cm) in an electrophoresis apparatus (Mini PROTEAN Tetra System; Bio-Rad). Electrophoresis was carried out for 1 h, with 45 min in alternating current: 90 V (15 min) and 120 V. After the electrophoresis was completed, gels were dyed in colloidal solution of Comassie Brilliant Blue G-250 (Sigma-Aldrich). The gels were visualised with a Gel Doc EZ Imager scanner (BioRad). The protein maps were analysed in the PDQuest™ Basic program (2-D Gel Analysis Software; Bio-Rad).
Digesting proteins and LC-MS-MS/MS analysis
Spots with proteins were carefully cut out from the polyacrylamide gels. After reduction and blocking the reduced bridges, a mixture of peptides was obtained with the use of trypsin. The mixture was separated by liquid chromatography (LC), and the mass of peptides and their fragments was determined in a mass spectrometer (Orbitrap LC-MS-MS/MS; Thermo). The NCBI and UnitProt databases were searched for MS/MS spectra. The proteins were identified based on PMF (peptide mass fingerprint) with the MASCOT search engine.
Statistical analysis
One-way analysis of variance (ANOVA) followed by Tukey's comparison post hoc test (p ≤ 0.01) was applied to evaluate differences between controls and treatments. Effective concentrations (EC x ) calculations (Alexander et al. 1999) were carried out for inhibition of shoot and root growth, dry and fresh weight and enzyme activity, and the results were expressed in mM. EC 10 , EC 25 , EC 50 and EC 90 express concentrations of the antibiotic resulting in 10, 25, 50 and up to 90% of the toxic effect. The effective concentration (EC) was computed from the following equation:
The EC values expressed in μM were transformed to the measured toxicity units (TU): TU 10, 25, 50, 90 = (1/EC 10, 25, 50, 90 ) × 100.
Results
The toxicity of levofloxacin (LEV) towards seedlings of yellow lupin (L. luteus L. cv. Dukat) was examined. The seedlings grew for 7, 9 and 12 days on control soil (water) and on soil contaminated with LEV at various concentrations (0.01, 0.05, 0.1, 0.5, 1, 1.5, 2, 2.5 mM, i.e. 0. 7, 3.5, 7, 35, 70, 105, 140 , 175 mg kg −1 of soil).
The following morphological parameters of the seedlings were evaluated: length of roots and shoots, seedling fresh and dry weight ( Fig. 1 ) and the physiological and biochemical parameters, including activity of enzymes (catalase and peroxidase), protein profile and location of free radicals.
Morphological parameters
Lupin seed germination, manifested by protrusion of the radicle through the seed coat, occurred at 1-1.5 days after sowing. The longest roots were observed in seedlings which had grown for 7, 9 and 12 days on control soil; they were 78, 80 and 81 mm long (Fig. 1a) , respectively. The roots of 7-, 9-and 12-day-old seedlings which had grown in soil with 0.1 mM of solution of levofloxacin were on average slightly shorter than the roots of the control seedlings by 3, 4 and 4%, respectively. With the highest LEV concentration applied (2.5 mM), inhibition of root growth was much stronger-58, 59 and 60% compared to the roots of the control seedlings in 7-, 9-and 12-day-old seedlings, respectively (Fig. 1a) . The response of shoots to LEV was comparable to the reaction of roots. In control seedlings grown for 7, 9 and 12 days, shoot lengths were 53, 68, 71 mm long, respectively (Fig. 1b) . The smallest concentration of LEV (0.01 mM) reduced the shoot length in 12-day-old seedlings by 5% (Fig.  1b) , and the highest LEV concentration (2.5 mM) resulted in a 49% reduction of shoot length of the 12-day-old seedlings. The EC 50 indexes for the root and shoot elongation were 0.7 and 1.3 mM (Table 1) , respectively.
The fresh mass of seedlings decreased with an increasing concentration of levofloxacin. The weight of seedlings grown for 12 days in soil with 1.5 and 2.5 mM LEV solutions was smaller than the control seedlings by 18 and 62%, respectively (Fig. 1c) .
The opposite pattern was observed in the case of seedling dry weight, i.e. it increased with increasing concentrations of LEV solutions (Fig. 1d) . The dry mass of 12-day-old seedlings grown in soil contaminated with a 2.5 mM was greater than the control seedlings by 58%. Units of toxicity for dry and fresh weight of biomass ranged from 0.04 to 0.1, depending on LEV concentration and seedling age (Table 2) .
Peroxidase and catalase activity
The activity of guaiacol peroxidase (Fig. 2a-c) and catalase ( Fig. 2d-f ) in roots, leaves and shoots of seedlings grown in control soil (water) and in soil contaminated with levofloxacin.
The highest activity of peroxidase was recorded in roots of seedlings grown in soil with 2.5 mM of LEV (Fig. 2a) . The activity of this enzyme in 7-, 9-and 12-day-old seedlings was nine times higher than in the control seedlings. The toxicity indexes (TU) 10 for the activity of the enzyme were very high: 2.6 and 5.1 for shoots and leaves, respectively ( Table 2) .
The enzyme activity in leaves and shoots of 12-day-old seedlings grown in soil with the lowest LEV concentration (0.01 mM) was 15 and 35% compared to the leaves and shoots of the control seedlings, respectively (Fig. 2b, c) . The activity of peroxidase in leaves and shoots of the seedlings grown in soil with the highest concentration of LEV (2.5 mM) increased 4-and 8-fold, respectively. EC 50 for the activity of Table 1) . The catalase activity in 12-day-old lupin seedlings grew with increasing concentrations of LEV (Fig. 2d-f ). In the case of leaves (but not roots and shoots), this rise was clearly visible even with the lowest LEV concentration. The largest increase in the enzyme activity (75, 72 and 73%) was observed in the shoots of 7-, 9-and 12-day-old seedlings grown in soil with an addition of 2.5 mM solution of LEV. EC 50 determined for catalase was 1.1, 0.8 and 0.1 (Table 1) for roots, shoots and leaves, respectively. The toxicity index for catalase was highest for leaves ( Table 2) .
Location of reactive oxygen species
The distribution of reactive oxygen species (ROS) in roots is presented in Fig. 3 . The photographs were created by superimposing all photos taken at different depths of the preparation (snapshot). The reactive oxygen species in roots of 7-day-old seedlings which had grown for 24 h in soil contaminated with 2.5 mM LEV was seen to increase rapidly compared to roots of control seedlings (Fig. 3, 2A-2C ). The intensity of fluorescence in the elongation zone was uniform in the material under study. At the beginning of the analyses period (24 h), ROS occurred within the whole interior of root cells. Extended exposure to the stressor (48 h) resulted in saturation of fluorescence in the roots under study (Fig. 3  2A'-2C' ). Fluorescence in root cells was no more uniform, and ROS were found to accumulate along the cell wall. Fluorescence was also observed in the control roots, but its intensity was very low (Fig. 3 1A-1C , 1A'-C').
2D-PAGE electrophoresis
The effect of selected concentrations of levofloxacin on the yellow lupin proteome was analysed in this study. The 2D maps obtained which present the protein content in 12-dayold roots of seedlings which grew in control soil (water) and in soil with addition of 2.5 mM of LEV solution revealed differences in the amount and content of the isolated proteins (Fig. 4a, b ). There were 205 and 261 proteins, respectively, found in gels made from control roots and from those growing in soil with an addition of levofloxacin. The maps created with control roots in the mass range from 25 to 37 kDa revealed the most abundant presence of proteins (79) of all the analysed samples (Fig. 5a ). The number of proteins with molecular weights smaller than 20 kDa and larger than 75 kDa was the smallest. The number of proteins visualised in the control map at pH 6 was 75, which accounted for 35% of all the proteins obtained (Fig. 5b) . The smallest number of proteins was found in the control gel in the area with pH 3. A 2D map made for roots of seedlings grown in soil contaminated with 2.5 mM LEV showed that proteins with a molecular weight between 25 and 37 kDa accounted for 37% of all proteins (Fig. 5c ). Proteins with a molecular weight above 75 kDa accounted for only 4% of all proteins. The largest number of proteins (100) in the analysed gel was found at pH 6 (Fig. 5d) . Three proteins (1% of all proteins obtained) were visualised at pH 9.
Identification of antibiotic-responsive proteins
The toxicity of LEV was determined in regard to protein expression in 12-day-old roots of yellow lupin. Identification of 24 proteins was carried out, which may be involved in developing yellow lupin resistance to LEV toxicity. The results are presented in Table 3 , in which proteins were categorised into groups depending on their function. The following functional groups of proteins were identified: defence and response to stress, growth, energy and carbohydrate metabolism, detoxication, oxygen supply, signal transduction, translation control and protein pump. The largest group was that of proteins responsible for defence and plant reaction to environmental stress. The quantities of the most members of this group (five out of nine) increased as a result of levofloxacin treatment. Among the other members of this group, there were both those which decreased (nos. 3, 19) and those which remained constant (16, 6). Seven proteins (protein nos. 3, 7, 12, 18, 19, 20, 23) were found to show increased expression in control roots, and synthesis of eight proteins (nos. 1, 2, 5, 10, 13, 14, 15, 17) decreased (Fig. 6a) . The expression of the remaining proteins (nos. 4, 6, 8, 9, 11, 16, 21, 22, 24) did not change ( Fig. 6a-c ; Table 3 ).
Discussion
Improvement of soil quality by fertilisation with manure is the main cause of contamination of agricultural land with antibiotics. VAs introduced to soil accumulate in it. They have been found in arable land in concentrations ranging from several milligrams to several grams per kilogram of soil under study (Du and Liu 2012) . Plants grown in soil contaminated with antibiotics take them up and accumulate them in various organs. Hu et al. (2010) showed antibiotics to be present at the highest concentration in leaves, followed by shoots and roots. They also pointed out that growth and development of plants affects the distribution of antibiotics in tissues. VAs absorbed by plants may inhibit photosynthesis, growth of shoots and roots, reduce the leaf area and increase the production of ROS (Di Marco et al. 2014) . EC 25 and EC 50 determined for the growth of roots of yellow lupin in this study were 0.2 and 0.67 mM (Table 1) , respectively. Hillis et al. (2011) found EC 25 and EC 50 for the length of Lactuca sativa, Medicago sativa and Daucus carota roots to range from 39 μg L −1 (i.e. 1.08 × 10 −5 mM) to over 10,000 μg L −1 (i.e. 0.00277 mM). The toxicity of LEV towards shoots was higher and ranged from 0.17 to over 1.24 mM for EC 25 and EC 50 , respectively. Our study has also shown LEV to be more toxic towards roots than towards shoots (Tables 1 and 2 ). However, the LEV toxicity determined in this study was much lower than that reported by Hillis et al. (2011) . This probably resulted from the differences in the way LEV was applied. We applied it directly to the reference soil in a PHYTOTOXKIT. It must be emphasised that soil can limit sorption of antibiotics, thereby reducing their reactivity and biological availability. Moreover, the content of organic carbon and clay in soil, the ionic strength and the pH can change the sorption mechanisms (Wegst-Uhrich et al. 2014 ). There are also strong sorptive interactions between drugs and soil, which may prevent antibiotic release and dispersion. These properties determine fate of the drugs in the environment and also limit antibiotic bioavailability (Hu et al. 2010 ). Moreover, absorption of antibiotics by plants is affected by the type of VAs, plant species and their root system. The uptake of pharmaceutics from the environment by roots and their biological activity in planta depends on the n-octanol-water partition coefficient of the VAs (Seo et al. 2010) . The toxicity of LEV may be suggestive of poorly developed stress tolerance mechanisms in seedlings. Antibiotics absorbed by plants induce oxidative stress (Di Marco et al. 2014 ) whose level can be determined by establishing the content of ROS (
O 2 ) in plant cells. Reactions catalysed by oxidative stress enzymes create the main mechanism of scavenging and neutralising ROS (Wang et al. 2014) . Adverse environmental factors may trigger an oxidative burst-an intracellular increase in the ROS level (Sofo et al. 2015) . On the other hand, a change in the activity of the oxidative stress enzymes may indicate increased production of ROS in cells (Wen et al. 2012) .
The activity of two oxidoreductases, guaiacol peroxidase (GPX) and catalase (CAT), are upregulated in lupin seedlings grown in soil contaminated with levofloxacin (Fig. 2) , and the rate of this stimulation depends on antibiotic concentration in soil (Fig. 2a-f ). There are no literature data on levofloxacin EC 50 for GPX and CAT (Table 1) . According to our findings, catalase is a better toxicity biomarker than peroxidase.
However, it must be emphasised that the activity of GPX and CAT in 12-day-old roots of lupin increased nine and four times, respectively, compared to the activity of GPX and CAT in roots of control seedlings (Fig. 2 ). An increase in reductase activity in tissues indicates that the amount of ROS in levofloxacin affected cell increases (Sofo et al. 2015) . A study carried out by Gujrathi and Linden (2005) revealed an association between oxidative stress and increased production of antioxidative enzymes in roots. Contamination of soil with tetracycline at low concentrations (from 0.5 to 10 mg L −1 , i.e. from 1.1 × 10 −3 to 2 × 10 −2 mM or 25 to 300 mg L −1 ) results in a small increase in the activity of GPX and CAT in wheat roots. An increase in tetracycline concentration from 25 to 300 mg L −1 (i.e. 6 × 10 −2 to 0.7 mM) increases the activity of antioxidative enzymes by as much as 629.7 and 528.5% for CAT and GPX, respectively (Xie et al. 2011) . A similar increase in the activity of the enzymes was observed in 12-dayold roots of lupin when soil was contaminated with a 2 mM (140 mg kg −1 of soil) solution of levofloxacin (GPX-663.1%
and CAT-278.2%; Fig. 2 ). Di Marco et al. (2014) also reported an increase in the antioxidative enzyme activity in plants which grew in soil contaminated with antibiotics. The toxicity coefficients determined for catalase and peroxidase indicate that the toxicity units grow significantly when soil is contaminated with LEV at low concentrations (Tables 1  and 2 ). The metabolic responses of seedlings are much more rapid than the morphological changes. Under normal environmental conditions, the production and neutralisation of oxygen metabolites, potentially toxic, is balanced and the amounts of these molecules are strictly limited. At low levels, non-toxic to cells, reactive oxygen species can be used as signal molecules (Baxter et al. 2013 ). An increase in the ROS level may result in DNA, protein and lipid damage (Krishnamurthy and Rathinasabapathi 2013) and, ultimately, in programmed cell death (PCD) (Petrov et al. 2015) . Visualisation (Fig. 3) of ROS demonstrated the toxicity of levofloxacin (2.5 mM) and the presence of oxidative stress in lupin roots. The oxidative burst is visible in cells as early as after 24 h of plant growth in soil contaminated with the antibiotic. Microscopic photographs show that ROS are first distributed fairly evenly in the cellular space (Fig. 3) ; however, after 2 days they are mainly localised along the cell wall. Non-specific metabolic disturbances are observed in root cells. The effect of drugs (diclofenac, paracetamol) on stress induction in cells has been demonstrated earlier by Kummerová et al. (2016) . Reactive oxygen species and reactive nitrogen species (RNS) have been detected in stressed Lemna minor, especially in the tips and elongation zone of roots. Visualisation of reactive oxygen species in lupin roots 48 h after LEV was added to soil shows that they had accumulated near the cell membrane and cell wall (Fig. 3) . ROS produced in plants under stress conditions cause direct or indirect oxidative modification of proteins (Das and Roychoudhury 2014) . Proteomic studies comparing plant proteins in extreme and normal conditions confirm the toxicity of levofloxacin. Depending on the tolerance of plants to abiotic stress, protective proteins can accumulate in them with different intensity (Rodziewicz et al. 2014) . Changes of gene expression and protein accumulation are among the first defence reactions of plants to abiotic stress (Gong et al. 2015) . This study shows the effect of levofloxacin on changes in the lupin rootMoreover, it is indirectly responsible for maintaining cellular homeostasis during plant response to stress (Tran et al. 2015) . Accumulation of the hsc80 protein in roots may indicate that some additional processes are triggered which are necessary to protect cells from the stressor.
Soil supplementation with levofloxacin reduces the accumulation of 14-3-3-like protein A in lupin roots. 14-3-3 Proteins play a role in a plant's response to stress by regulating the action of many proteins involved in signal transduction (Roberts et al. 2002) . However, regulation of nitrogen and carbon metabolism in plants is the main role of 14-3-3-like proteins (Diaz et al. 2011) . Reduction of protein synthesis may be a sign of sensitivity and intolerance of lupin seedlings to soil contamination with antibiotics (Figs. 4, 5 and 6) . A slight decrease in the accumulation of the 14-3-3 proteins was observed by Laino et al. (2010) and Hurkman et al. (2009) in wheat subjected to thermal stress. Synthesis of some proteins responsible for the regulation of energy metabolism was reduced. The activity of the glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase, lipoxygenase, pyruvate dehydrogenase, leghemoglobin reductase-like and F1 ATPase was found to decrease. At the same time, studies revealed an accumulation of enolase, which is a protein responsible for carbohydrate metabolism. Enolase takes part in the process of glycolysis and catalyses the transformation of 2- Fig. 6 The average intensity of specific protein spots (PDQuest, Bio-Rad) for control roots (□) and levofloxacin (2.5 mM of soil)-treated roots (■). a Spot numbers (compare Table 3 ). b 3D profile of specific spots' optical intensities: 1-full = protein LlR18A, 2-class III chitinase, 3-14-3-3-like protein A, 5-ascorbate peroxidase, 13-full = alcohol dehydrogenase 1, 18-glyceraldehyde-3-phosphate dehydrogenase, 19-lipoxygenase, 20-nucleotide-binding subunit of vacuolar ATPase. c Plain view of selected spots on 2D gels phosphoglycerate (2PEP) into phosphoenolpyruvate (PEP) (dehydration) (Pan et al. 2013) .
Conclusion
The wide range of changes in protein synthesis in lupin roots indicate the diversity of plant metabolic reactions affected by soil contamination with antibiotics and suggest lupin is a plant with a rather high sensitivity to such stress. The contents and distribution of ROS suggest the antibiotic-induced impairment of redox reaction network, particularly in the vicinity of the cell membrane and cell wall. Guaiacol peroxidase and catalase are sensitive indicators of levofloxacin toxicity.
On a morphological level, the levofloxacin soil contamination may result in over 50% inhibition of root and shoot growth and a similar reduction in seedling fresh mass. On the other hand, the dry mass of levofloxacin-affected seedlings increases by over 50%.
The values of toxicity indexes and EC 50 for levofloxacin induced disturbances in lupin are given.
